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ABSTRAC'T' 
Me thy lxa nthi ne s are common ly used in the tre atme nt of 
re sp i ra t o ry d i s order s suc h a s  a s thm a , ap ne a o f  pr ematur i ty 
a nd Ch eyn e - S t oke s r e sp i rat i on . Re cen t ly , c e r t a i n  
me t hyl xa n thine s  h ave bee n foun d t o  potent i at e  the 
c ontract i o n  of the d i aph r agm and i n c r e a se contra c t i on 
st rength o f  the fat igue d d i a phragm . The me c han ism o f  
a ct i on o f  the me thy lxanth i ne s  i s  unknown . Th ree the or i e s  
h ave be e n  p r opo se d bu t e a c h  ha s it s support ive an d 
n eg a t ive po ints . On e the o ry i s  tha t  me thy lxanth i n e s  
inhibi t c yc li c  AMP pho spho di e stera s e  ( PDE) wh ic h 
f a c i l i tat e s  contract i on by incre a s i ng cyc li c AMP leve l s  i n  
the c e l l .  Anothe r  theo ry i s  tha t methy l xanthine s 
a n tag on i z e  ade no s i ne , thu s blo cki ng the ade no s i ne - i ndu c e d  
i n hibi t io n  o f  contra c ti o n .  The third the o ry i nvo lve s 
c hang e s  i n  c a l c i um permeab il i ty o f  the ce l l  memb r ane or 
s a r c o p la smi c re t i cu lum ,  re s u l t i n g  in i n c re a s e d  c a l c i um 
i nf lu x  into the cy top l a sm .  Th e e f fe c t s  of xa nth i ne and 
a denos i n e  ana log s  wer e  te ste d o n  is o la ted , e le ctr i c al ly 
s t imula ted d i a ph r agm s from four- to seven-day- o ld rat 
pup s .  The e f fe ct s  of d i re c t vs . ind i re c t  (phr en i c  nerve) 
s t imul a t i on we r e  stud i ed in the presen ce of va ry i ng 
con c e n t r a t i on s of c a f fe in e .  The d i r e c tly s t imu late d 
di aph r agm s  had s i gn i f i c an t ly la rger increa s e s in tw i tch 
te n s ion in r e spon s e to c affe ine than the i nd i rec tly 
s t imul a ted d i aph r agm s . Ca f fe i ne ( 0 . 0 5  t o  5 mM) and 
theophyl lin e ( 0 . 0 5  t o  5 mM ) , met hylxanthi ne s wh ich are 
known to antagon i ze ade no s i ne and i nhi b i t  PDE , incre a sed 
twi tc h ten s i o n  in a do s e -d e penden t manne r .  Enpr ofyl lin e 
( 3 -p ropyl xa nth i ne ) , wh i ch i nhib i t s  PDE, b ut doe s not 
antagon i z e  adeno sin e ,  i n c r e a sed twi tc h ten s io n  at 1 mM. 
A d e no s i ne ( 1 0  mM) s timu lated contra ct i on but only at high 
dose s .  Aden o sin e ( 1  mM) an d the stab l e  adeno s in e  an alog 
N6 - cyc loh ex yl adeno s i ne ( CHA) ( 1  mM ) s iq n if i c a ntly 
i n hib i ted contr a c t i o n  o f  the d i aphragm , a l though the 
e f fe ct s  of ade no s i ne we r e  tran s i ent . Th e intera c t i on of 
a den o si n e  a n d  c a ffe ine wa s not s ign i f i c ant du e t o  
a de n o s i n e ' s  i n s t ab i l ity ,  b u t  c af fe i ne (1 t o  1 0  mM) 
antagon i ze d  the e f fec t o f  lmM CHA . The s e  dat a  suppor t the 
hypothe s i s  tha t the me thy lxanthi nes st imul a t e  
cont ract i lity o f  th e n ewborn rat d i a phragm by antago n i s m  
o f  ade no s i ne rec eptor s .  T h e  obs e rv a t ion tha t hi gh do s e s 
o f  e npro fyl line a l s o  s t imu lat e d  contra ct i l i ty sugg e s t s 
that PDE i s  anothe r important me chan i sm .  
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INTRODUC T I ON 
Me thy lxanth i ne s  have bee n  u s ed fo r thou s a nd s  o f  
ye ar s , a l l  the way back t o  p a l e o l i thi c ma n , who ma d e  
d r i nk s  conta i n i ng caf fe i ne . C a ffe i ne a n d  the ophy l l i ne 
have bee n  con sume d i n  c o f fe e  and tea to der ive the centra l 
n e rvous sy s tem ( CNS )  s t imu l a t i o n . In fa ct caf fe i ne i s  the 
mo s t  wide ly u s e d  p syc hoa c t ive d rug t od ay ( S nyde r , 1 9 81 ) . 
Ca f fe ine ( 1 , 3 , 7 -t r imethy lx a nth i ne )  ( f ig .  1 )  a nd 
theophyl lin e ( 1 ,  3 - d irne thy lxanth in e ) ( fi g . 1 )  are u s ed 
therapeut i c a l ly to tre at r e sp i ratory di sorde r s  su ch a s  
i n fant apne a ,  Cheyn e - St oke s re s p i r a t i o n  a n d  a s thma ( Aubie r 
e t  a l . , 1 9 8 3 a ) . Ap ne a i s  a cond i t i on in wh i ch an 
ind iv i dua l stops breathing for mor e than 20 se c .  (Ri gatt o 
a nd Br ady , 1 9 7 2 ) . Ch eyn e - S t oke s re sp i ra t i on i s  whe n  a 
pe r so n  ha s c ha nge s i n  the br e a th i n g  cyc l e . The t idal 
vo lume incre a s e s wi th each bre a th unt i l  a peak i s  
re a c he d . The n the t ida l vo l ume fa l l s  b a c k  to norm al 
leve l s . T h e s e  p e r i od s  o f  vo lume change s may a l t ernate 
w i t h  pe r i od s  of apne a .  A s thma is a con d i t ion in whi c h  the 
bronchi o le s con s t r ic t  c au s i ng d i f fi cu l t y  in bre ath i ng . 
Caf fe i n e  and theophy l l i n e  pr ov ide the n e ce s sa ry 
r e sp i ratory center s t imu l at i on to he lp cont rol Cheyn e ­
Stoke s re sp i r a t i o n  and apne a and bronchod i l a t i o n  t o  he l p  
c ontrol a s thma ( Je pp s son e t  a l , 1 9 8 2 ) . Al so ,  the se 
sub sta n ce s h ave bee n found t o  pot e n t i a t e  th e contra c t i o n  
F i gure 1 .  S t ruc ture o f  Caf fe i ne , The ophy l l ine and 
Enpro fy l l ine . 
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o f  the re sp i r a tory mus c le s ,  e sp e c i a l ly the di aphr agm 
( Aub i e r  e t  a l . , 1 9 8 1 ;  Hu i dobro an d Am e nba r , 1 9 4 5 ) . Al l of 
the se a ct i on s  are important for t re a t i ng re sp i ra t ory 
disea s e s ,  and a l l s ho u l d  be e xp l ore d whe n study i n g  dru g s  
t o  h e l p  t re at the se di sorde r s . 
Wi th some d i se a se s , though , one a c t io n  i s  mor e  
important tha n  the othe r . B a bi e s  who are born 
prematur e ly h ave grea t d i f f i c u lty b r e a t h i n g  be c aus e o f  the 
imma ture s tate of the i r  lu ng s . P r emature in fant s produ ce 
in suf f i c i e n t  amount s  of sur fa ctan t  ( Hya l in e  Membra n e  
D i s e a se ) . I f  the sur fa ct a n t  produ c t i on i s  redu c ed the n  
lung c omp l i a n c e  i s  re duce d and the work o f  breathing i s  
gre a t l y  increa s e d . Th i s  incre a s e d  work load qu i c k l y  
fat i gue s th e d i a ph r agm a n d  i t  may be thi s fat igu e  wh i c h  
c aus e s  apne i c  epi s ode s ( L ope s e t  a l . , 1 9 8 1 ) . 
For tuna te l y , d ru g s  l ike theophyl l ine can reduc e 
fati gue and even br i ng a fa t i gued diaph ragm back t o  i t s  
norma l state a n d  ma i n ta i n  cont r a c t i on s .  Aub ie r e t  
a l . ( 1 9 8 1 )  t e s ted adu l t  sub j e c t s  wi th ami nophy l l i ne , the 
ethylene diami n e  s a lt of theophy l l ine ,  b e fore an d a ft e r  
d i aph ragm fat i gue . They found tha t t ran s d i aph ragma t i c  
pre s sur e wa s i n c re a se d  a t  a l l f r e quen c i e s i n  tho s e  who 
r e c e ive d ami noph y l li ne as compared to tho s e  who did not 
rece ive aminophyl l in e . Thi s e f fe c t  i s  o f  grea t bene fi t t o  
a premature i n fant with bre ath i ng prob l ems . An i nfant 
wi th fa t i gue d re spi rato ry mu s c le s  wh o is g ive n 
5 
the o phy l line may have inc rea s e d  fo rce o f  contra c t i on and 
de cre a s e d  d i a phragma t i c  fat i gu e . Thi s gre a t ly improve s 
the he a lt h  of the i nfant and may eve n  save the in fant' s  
l i fe . 
On e d rawback wi th methy l x a nth i ne s  i s  the exc e s s ive 
stimu la t i on of the CN S . Methy lxa n th i ne s work in the CN S 
by s t imu l a t ing the re sp i ratory cent e r  bu t the ex c e s s ive 
gene r a l  CN S s t imu la t ion which i s  a s id e  e f fe c t  of the 
xa nth ine s c an be harmfu l . The ex c e s s ive CNS s t imu l a t i on 
cause s inc r e a s e d  exc i t ab i l ity , and i n c re a se d  me tabo l i c  
a ct iv i ty wh i ch r e su l t s  i n  unne c e s s a ry c a lo r i c  con sumpt i on . 
Thi s s ide e f fe c t  may add t o  the prob lem o f  fat i gu e  by 
d ec r e a sing the sle ep o f  the in fant and inc r ea s i ng 
me t ab o l ism i n  a n  in fan t who i s  a l rea dy unde rwe i ght . A 
g oa l of resp iratory pharma c o l o gy s ho ul d  be to deve lop 
d ru g s  tha t s t imu la t e  the re s p i ratory c e n te r , s t imu la t e  
fo r c e  o f  di a phragm contract i on , and inhib i t  fat igue but do 
not c a u s e  gen e r a l CN S d i sturban ce s  o r  o the r a d ve r s e  
e f fe ct s . 
Th e mechan i sm by wh i c h  the rnethy lx anth ine s have the i r  
e f fe ct s  i s  unc lea r ,  a l t hough thre e hypothe s e s have bee n 
propo s e d . Th e s e  drugs may act by inhi b i t ing cyc l i c  AMP 
pho sphodi e ste ra s e  ( PDE ) , by i n c r e a s i ng i n t r a c e l l u la r  
c a l c i um ,  and/o r by antagon i z i ng ade no s i ne ( f i g . 2). 
PDF. in h i b i t i o n  wa s the fi r s t  i de a  prop o se d . In fa c t  
Su the r la n d  ( 1 9 7 2 )  u s e d  the ophy l l i ne a s  a PDE i nhib i t o r  
Fi gure 2 .  S t ructure of Ad eno s i ne . 
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duri ng h i s o r i g i n a l expe r ime nt s i de nt ify i n g  a d e n o s i ne 
3' , 5' -m onoph o sphate ( cy c li c  AMP) a s  an i ntrace l lu l ar 
second me s se nge r .  Suther land formu lated the s e cond 
me s s e ng e r  hypothe s i s wh i le he wa s work i ng with epineph r i ne 
and g luc ago n .  In hi s mode l ther e i s  a memb ran e -bound 
p rot e i n  ( a deny l a t e  cy c l a s e ) that i s  cont i nuou s wi th the 
intra c e l l u la r  f lu id s  o f  a ce l l . Ade ny l at e  cyc l a s e  i s  
a ct iva ted by a dru g  or ho rmone b i n d i ng to i t s  re ceptor on 
the c e l l membran e .  Whe n a de ny l at e  cyc l a s e  i s  a c t ivated 
cyc li c AMP is synthe s i z ed from ATP i n  the ce l l' s  
cytop la s m . The cyc l i c  AMP a ct s  a s  a s e cond me s se nge r 
betwe e n  the ce l l  memb r ane and the intrac e l lu l a r  sy s tem to 
be affe cted . Fo r example , in s k e l et a l  mu s c l e , cyc l i c  AMP 
wil l ini t i ate glycogenoly s i s , thu s prov i d i ng the subs tr a t e  
fo r pro du c t i o n  of mor e  ATP . PDE i s  a n  e n z yme pre s e n t 
whi c h  break s down cyc li c AMP into 5'-AMP wh i c h  i s  an 
ina ct ive for m . S o  PDE a ct ivity and cyc l i c  AMP s yn the s i s  
a ct t o  regul a t e  the leve l o f  cyc l i c  A.�P i n  the ce l l . Wh e n  
PDE i s  i n h i b i t e d , c yc l i c  AMP bu i ld s  u p  i n  the c e l l , 
the refo re fa c i l i t a t i ng contr ac t i on of ske l e t a l  mu s c le . 
Studi e s h ave s hown , though , that theophy l l ine and 
c a f fe i ne a t  the rapeu t i c  leve l s  do not inhib i t  enough PDE 
to e l i c i t  an ef fec t  (Rall, 1 9 8 2 ) . IBMX ( 3 - i sobut y l -1 -
methy lxa nth i ne )  (f i g .  3 )  i s  a compound tha t  ha s b e e n  found 
to be a pote n t  inhibi to r  of PDE . IBMX i s  175 t ime s  a s  
potent a s  c affe ine a t  incre a s i n g  cy c l i c  AMP leve l s  and 2 2 4  
Figure 3 .  Structure o f  3 - i sobutyl - 1 -methy lxanth ine . 
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time s a s  potent a t  i n c re a s in g  c yc l i c  guano s in e  
monopho sphate ( cy c l i c GMP) leve l s  ( Kr amer a n d  We l l s , 
1 9 7 9 ) . U s i ng compound s such a s  IBMX, Krame r an d We l l s  
( 1 9 7 9 )  showe d tha t  the re i s  no corre l a t i on betw e e n  the 
ab i lity of a d ru g  to inhi bi t cyc l i c  AMP hydro ly s i s  and i t s  
abi l i ty t o  incre a s e  twi tc h  t en s i o n  i n  ske l e t a l mus c le . 
A lbert s e t  a l . ( 1 9 7 3 )  de s c r ibe how the c o n c ep t  o f  
PDE - mediated fa c i l i tat i on o f  ske l e t a l  mu s c l e contract i on 
i s  log i c a l bu t pr obably i n corre c t . Protei n kina se s ar e 
a c t ivated by me thy lxanth i ne s in the ske l e t a l  mu s c le ce l l ,  
whe the r i t  be pho spho ry l a s e  k i n a s e  wh i c h  a c t ivate s 
g lyc ogeno ly s i s or a sp e c if i c  k i na s e  th at fa c i l i tate s 
contra c t io n . The s e  k i na se s  may a l so b e  a c t iva ted by 
c al c i um .  I f  i n tra c e l lu l a r  c a l c i um leve l s  are incre a s e d  by 
the me thy l xanthine s ,  k i n a se s could be a c t ivated by c a l c i um 
r ath e r  tha n by cyc l i c  AMP .  Th i s  exp l a i n s  how xanth i ne s  
can app e a r  t o  i nh i bi t  PDE an d i n c re a s e  mu s c l e  
c ontract i l i ty when i n  fa c t  they have l i tt l e  e f fe ct o n  the 
cyc l i c  AMP l e ve l s i n  the c e l l .  
The nex t two hypothe se s , i n c r e a sed c a l c ium 
concentra t i o n  and a denos i n e  ant agon i sm ,  h ave been r e lated 
by a few re s e a r c he r s . A n de r s son and Pe rs s o n  ( 1 9 8 5 )  have 
state d tha t theophyl l ine may wor k through an u nknown 
s arcopl a smi c r e t i cu lum receptor or ce l l  memb rane re ce ptor 
to ope n c a l c ium c hanne l s  and a l l ow c a l c ium i n f l ux i nto th e 
cytop l a sm wh i c h  wi l l  i nc rea se the intrace l lu l ar fre e  
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cal c ium concentra t io n . Aub i e r  (1 9 8 3 a) has s a i d  tha t 
theophy l li ne ant agon i z es adenos i ne at ce l l  su rface 
recept ors wh ich wi l l  a ct ivate c a l c ium channels thus 
a l low i ng fo r a c a l c ium i n f lux . On ce i ns ide the ce l l  th is 
c a l c i um may a c t  as a se cond mess e nge r be twee n the 
t ransv e rs e  tubu l e  and the sarcopl asmi c  r e t i cu lum . A n othe r 
possi b l e  "s i gna l messe nge r" tha t  may a c t  be twee n thes e  two 
membranes is inos i to l  1 , 4 , 5 -t r i phosphate ( IP 3) (Vo lpe et 
a l . , 1 98 5 ; Mornrnae rts , 1 98 6) . This me c ha n ism r equ i res 
furthe r study . The increase in c a l c ium may trigger 
fur the r c a l c i um r e le as e  from the s a rcop l asmi c r e t i c u l um 
a nd/ o r  act ivate pro t e i n  kinases . I f  the ca l c i um 
concentr a t i o n  is s u f f i c i e n t  the c a l c ium r e l e as e d  from the 
s a rcop l asrni c ret i c u l um wi l l  bind to t ropon i n , and thus 
i n i t i a t e  e x c i t a t io n  contra c t i o n  c oup l i ng ( ECC ) . ECC is 
the c as cade of eve nts i n  wh i ch the interact ion of c a l c i um ,  
troponi n and tropomyos i n  a l l ow fo r a c t i n  and myos i n  
myo f  i l aments t o  s l i de ove r  each oth e r  and caus e  mus c le 
contra c t i o n . Th e c a l c i um hypothes is is supported by th e 
obs e rv a t i on tha t  the a ct i ons o f  the ophy l li ne are b l ocked 
by ve rapam i l , a c a l c ium-chann e l  b lo c ke r  ( Aubie r et a l . , 
1 9 8 3 b) . Also , the ophy l li ne has no e f fe ct on ske le ta l 
mus c l e  i n  a c a l c i um- fre � e nvi ronmen t ( Va r ag i c and Kenter a , 
1 978) . Re ga rd less o f  the mec ha n ism , an i n f l ux o f  ca l c i um 
is a n  important fa ctor i n  the pote n t i a t i ng e f fe cts o f  som e  
methy lx a n th i nes . 
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Adeno s i ne appe ar s to interact wi th two di f fe rent 
re ceptor s .  The A 1 r e ceptor is i nh i b i tory to adeny late 
cyc la s e  wh i l e the A2 r eceptor is  s t imu l atory ( Fr edho lm , 
1 9 8 5) . I f  a deno s ine intera c t s  wi th the A 1 r e ceptor on the 
membr ane of a ske leta l mu s c l e  c e l l that c e l l w i l l b e  
i nhi b i ted from c ontract i ng . Me thy l x a nth i ne s  have been 
shown t o  ant agon i z e  adeno s i n e , tha t is they oc cupy 
ade no s i ne re ceptor s and prevent ade no s i n e  fr om ex e rt i ng 
i t s  e f fe ct s . I f  a met hy lxanthine oc cup ie s  a n  A1 r ec e pto r s  
o n  ske le ta l mu s c le are o c cup i ed b y  a methy l x a n th i n e  the n  
adeno s i ne c annot i nteract wi th the receptor s to cau s e  
inhibi t io n .  I n  o the r  word s the in h i b i t o ry e f fe ct s  of 
ade no s i ne are b locke d , thus contra c t i l i ty i s  increa sed . 
Two r e lat ive l y  n ew c ompound s have prov e n  to be u s e fu l  
t ool s fo r the study o f  ade no s i ne r e c e ptor s .  N6- Cyc lo­
hexy la de n o s in e  ( CHA) ( fi g . 4) i s  a s tab le adeno s i n e  
a nalog wh i c h  s e l e c t ive ly b i n d s  to A 1 r eceptor s . Th i s  drug 
ha s be e n  pr ove n  to be u s e fu l  fo r the study of adeno s i n e  
r e ceptor subtype s ( Snyd e r , 1 9 8 1) . En pro fy l l i ne ( 3 -
prop y l xan thin e) ( fig . 1) doe s not appear t o  work through 
adeno s i ne antagon i sm .  In fact , enpro fy l l i ne is more 
ef fe ct ive a s  a PD E inhib i to r  tha n  a s  an a deno s in e  
antagon i s t  ( F r edho l m , 1 9 8 5) . Th i s  may exp l a i n  why 
enpro fyl l i n e  ha s fewe r extrapu lmona ry e f fe ct s  tha n 
the ophy l l i ne and i s  u s e d  ma i n ly for bronchodi l a t i on . Thu s 
enpro fyl l i n e  can be u s e d  to d i s t i ngu i s h  a deno s i n e  
F i gure 4. S t ructur e  of N6-c yc lohexy l adeno s i ne . 
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a ntagon i s t i c  e f fe c t s  of the me thv lx a nth i ne s  from e f fe ct s  
not r e lated t o  a deno s i n e . 
One probl em with de termi n i ng the me cha n i sm o f  
methy l xa n th i n e  a c t ion o n  re s p i r a t ion i s  the po s s ib i l ity of 
mu lt iple s i t e s  o f  act ion . Me thy lxa nth i ne s  may have 
ef fe ct s  in the brai n , at the neuromu s cu la r  jun c t i o n , or o n  
the r e sp i ratory mus c le s  thems e lve s .  
I t  appe ar s tha t  the cen tra l e f fe c t  i s  a c comp l i she d 
through the bra i n  s t em r e sp i ra tory cente r ( E l d r iage e t  
a l . , 1 9 8 3 ) . C af fe ine and theophy l l in e  d e f i n i te l y  h ave 
some CNS e f fe c t s , su ch as incre a s ing the s en s i t iv i ty of 
the re sp i r a t o ry cente r t o  hypox i a  ( E l d r i dg e  et a l . , 1 9 8 3 ) .  
S t imu l a t i on i s  important be c au s e  i t  may incre a se the rate , 
and /or t ida l vo lume o f  re spi r a t io n . Re cent e xpe r iment s 
have su gge s t ed tha t methy lxanth i ne s  may s t imu l a te the 
re spiratory cente r by ant agon i z i ng a deno s ine re ceptor s 
(W e s sb e rg , 1 9 8 5 ) . O t h e r  sub s t ance s wh i ch are though t to 
b e  i nvo lve d  in methy lxanthin e - induced re spiratory 
s t imu l a t i on inc lud e  c at e cho l ami ne s (E l dr i d g e  et a l . ,  
1 9 8 3 ) , a n d  dopamin e ( Lundb erg e� a l . , 1 9 8 1 ) . The se 
requ i r e  fu r th e r  s tudy . I t  h a s  a l s o  bee n propo s e d  tha t the 
carot i d  bodie s may h ave a r o l e  in thi s pro c e s s (Rib e i r o  
a nd S e ba s t i o , 1 9 8 6 ) , i f  so i t  i s  a sma l l  ro le . 
The ne uromus cu la r  j un c t ion i s  the n ext p l ace a t  whi c h  
me thy lxa nth i ne s  c a n  have the i r  e f fe ct s . On ce ag a i n ,  
cal c ium mob i l i z a t i o n  and adeno s i ne antag on i sm are bot h 
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though t  t o  b e  po s s i b l e  mec ha n i sm s  b y  wh i ch the se drugs 
work . C a l c ium i s  a modu lator o f  neurotran smi t te r re l e a s e .  
Adeno s i ne ha s been found to i nh i b i t  c a l c ium i n f lux into 
ne rve e n d i n g s  a n d  de c re a s e  neurotran smi t te r re lea s e  so 
antagon i sm o f  ade n o s i n e  wou l d  r e l e a se the inhi b i t i on o f  
tran smi tter s and , there for e , fac i l i tate neu romu s c u la r  
t ran smi s s i on . 
Re centl y , i t  ha s been shown tha t the neur omu s cu l ar 
j un c t i o n  plays a ve ry sma l l role in pote n t i a t ing the 
contra ct ion o f  ske le t a l  mu s c le s  by theophy l l i ne . A u b i e r  
and Rous so s ( 1 9 8 5) te sted ra t d iaphragms i n  v i t r o  wi th 
theophy l li ne by s t imu l a t i ng them i nd i re c t ly through the 
phre n i c  ne rve , or di re c t ly by st imu l a t i ng the mu s c l e  
itse l f .  Th ey found tha t there wa s l i tt l e  d i f fe re n c e  in 
the i n c r e a s e  in ten s io n  b e twee n  the two techn ique s .  I f  
the dru g  a ct s  thr ough the neuromu s cu l a r  j un c t i on , the n  a 
d i f fe r e n c e  be twe en d i rect and i n d i r e c t  s t imu l a tion wou l d  
have be en seen . Th i s  ten d s  t o  sug g e s t  tha t  the prima ry 
me chan i sm fo r mu s c le s t imu l a t ion i s  on the mu s c le i t s e l f .  
However i t  i s  s ti l l pos s i b l e  tha t the neuromu s cu l ar 
j un ct i o n  c a n  be fat i gue d unde r  c e r t ai n  c i r cum s t a n ce s du e 
to transmi tter dep l e t ion . 
Th e di aphragm i t s e l f  i s  ano t h e r  s i t e  at wh i c h  the 
xanthi ne s may work . Thi s i s  gene ra l ly ag reed a s  the s i t e  
of action on mu s c le contract i l i ty .  Th i s  i s  supported by 
the dire c t  and i n d i re c t  s t imu la t ion stud ie s (A.ubier and 
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R o us so s , 1 9 8 5) . The mec ha n i sm i s  deb ated . A s  mention ed 
be for e , adeno s i n e  antagon i sm ,  c al c ium mob i l i z at io n  and PD E 
i nhi b i t i on have a l l  be en prop o s e d  a s  po s s i b l e  mechan i sm s , 
but the commo n pathway i s  i n c re a s e d  i ntrac e l l u la r  fre e 
c a l c i um ,  wh i c h  f a c i l i tate s contr a c t i on . 
The pre s e n t  studie s wer e  de s i gned t o  e s tab l i s h  the 
r at pup di aphragm prepara t i on as a mode l fo r the study of 
diaphr agm c ontra ct i l i ty in the n ewborn i n fan t and t o  
d i s cov e r  the mecha n i sm b y  wh i c h  methy lxanth i ne s  s t imu l a te 
contr a ct i lity of s k e l e ta l  mu s c le . Th e hypothe s i s  t o  be 
t e s t ed i s  tha t  methy lxa nth i ne s  s t imu l ate contra c t i l i ty o f  
the n ewborn ra t d i aphr agm by a ntagon i sm o f  aden o s i n e  
receptor s . 
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MATER IAI,S AND METHODS 
Co nt rac t i l i ty o f  the newborn rat d i aphragm wa s te s ted 
according to the me thod of Bu l b r i ng ( 1 94 7 )  in the pre senc e 
of va ry i ng do s e s o f  xanth i ne and adeno s ine ana log s . Four­
to s e ve n -d ay o l d  male and fema le Spragu e -Dawley rats were 
u sed i n  a l l  expe r ime nts. They we r e  hou s ed with the i r  
mother s unt i l  te s t ing wa s i n i t i ated . E a c h  pup wa s k i l led 
by decapitation a ft e r  not i ng its age , s e x  and we igh t . The 
diaphragm wa s remove d imme d i ate ly and p l a c e d  i nt o  a d i s h  
cont a i n i ng Kreb s  solut ion ( Na C l , 1 . 1 8  mM ; KC l , 4 . 9  mM; 
CaC1 2 , 2 . 5  mM; Mg S0 4 , 1 . 1 8 mM; KH 2 Po 4 , 1 . 1 8  mM ; NaHC0 3 , 25 
mM; g l u co s e , 2 g / l ) . The d i s se ct ion pro cedure i s  
i l lu s trated and de s c r i bed in deta i l  i n  f i gure 5. The 
hem i d i aphragm wa s suture d wi th 4 - 0  s i lk t o  a phren i c  nerve 
e lectrode ( Harvard Appar a tu s ) and p l a ce d  i n  a wa ter­
j acketed t i s sue bath ( Ha rvard Apparatus ) conta i n i ng Kreb s 
solution , 3 0  uM d -t ubocu r ar i ne chloride and 2 5  uM 
dipyr idamo l e  ( fi g . 7 )  wh i c h  wa s ma i n t a i ne d  a t  3 7 °c by a 
circulat i ng wa t e r  pump and he a te r  ( Haake-Buch le r  
In st rume n t s ) and bubbl e d  wi th 9 5% o 2 a nd 5% co 2• A fter a n  
equ i l i b r ium pe r i od o f  approx imat e l y  1 0  mi n ,  e a c h  d i aphragm 
w a s  s t imu l a t ed di r e c t l y  with a max ima l vo ltage ( 7 0 t o  1 0 0  
V) fo r 0 . 2  m s e c  once eve ry minut e . The force o f  
contr act i on wa s mea su red us i ng an i some t r i c  myogr aph 
tran s duce r ( Na r c o  B i o sy s t em s  F- 6 0 )  and d i s p l ayed on a 
ph y s i ograph (Na rco B i osy s tems MK- IV-P )  ( fi g .  6 ) . 
A ft e r  s e t -up the prepara t i o n  wa s a l l owed t o  
Figure 5. Details of Dissection. 
,r /: · ·!· ., ,··· · � �. :'. �-::•\,\ . 
\ .; , •. .;.tft:\ ,._ ) 
)' � t';� \ .. ·\; I\· . . '. f"' ' .· . ' .. 3 : 
,J \\' • .. \' f -:·· .:�·� .-' '1,\ \ ·.; . j ,, . �· ,- .... ·,\· , I . , \(��-�:�:,\,\ "''"'\ . --.... . : .. '· I .\,. ., ,, ··:.,. ,· .. , '• 
21 
Remov• th• ekln from th• eh•et end beck of the enlm•l. 
l. Meke en lncl1lon juet belov the dl •phregm eod cut 
1nter lorl1 eloo1 the eternum plercln1 th• dlaphr•sm. 
2. Cut 1Jon1 the dl1phr11m fro• ventral to doreal juet 
auperlor to th• dlaphra1•• 
J and 4. Continue the cut en t er lor 1 J • 1 on f the v•r tebr al 
eolumn and complatalJ remov• th• rlb p ate , 
5, Remov• 1 port i on of the left 1un1 ind ••p•r•t• the phr•nle 
nerv• fro• th• underlyln1 tleeuee, 
6, Cut 1Jon1 the dlephregm from ventral to dor11l juet 
lnferlor to th• dl1phr11•• 
7. Cut th1 rlb1 n1st to th• v•rt1br1l eolumn, 
8 ind 9. Mike the final cut• from the vertebrel column ind 
1 ternum, converging on the lnferlor ven1 e1v1 1e lt 
pen etr1te1 the diaphragm. 
10, Cut the phrenle nerve •• anteriorly 1e po11lble. 
The preper1tlon 9hould nov be tr1n1fered to 1 dish cont1lnln1 
cold Jrebt 1olutlon for 1ttechment to th1 1tlmul1tln1 
thetrod1, 
adapted from Perry, 1970. 
F i gure 6 .  Ap paratu s for the M e a su rem ent o f  D i aphragmat i c  
Contra c t i l i ty .  
To Physlog ph 
Tension 
Adjuster 
D la phr ag m -11-t----+.._ 
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Figure 7. Structure of Dipyridamole. 
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equ i l ibrate for at le a s t  1 0  m i n . Th e re s t i ng ten s i on wa s 
the n a dju s te d  t o  5 g u s i n g  a myograph t e n s ion adju ster o n  
a support stand and the pr epa r at i on wa s s t imu l ated unt i l  a 
stea dy - state r e spon s e  wa s a c h i eved {pr e drug ) .  The d rug s 
were the n  added by p ip e t  and the prepara t i on wa s 
st imulated unt i l  three spike s o f  e qua l mag n itude wer e  
achi eved . Th e preparat i on wa s then wa shed and s t imu lated 
on ce each mi nut e unt i l  a steady - s tate wa s o b s e rve d  b e for e 
another do s e  wa s added { f i g . 8) . The drug s t e s ted we re 
theophyl l in e , c a f f e i n e , adenos i n e , CHA ( a l l  from S i gma 
Chemi c a l  Company , St . Loui s , M o . ) , and e np r o fy l l i ne {AB 
Drac o / As t r a , Swede n ) . 
Theophy l l i n e  a n d  Ca f fe ine D o se - Re spo n s e  Cu rve s 
To e stab l i s h  a do s e -re spon s e  cu rve , theophy l l i n e  
(0 . 0 5  t o  5 . 0  mM) a nd c a f fe i ne ( 0 . 0 5 t o  5 . 0  mM ) were e a ch 
te sted on s ix d i re c t l y  s t imu lated l e ft hemid iaphragm s . 
Equa l  vo l ume s { 0 . 0 2 5  t o  2 . 5  m l )  o f  s a l i ne we re added to 
cont rol d i aphragm s . 
D i re c t  vs . I n di re c t  S t imu l a t i o n  
The e f fe ct s  o f  c a f fe i ne ( 0 . 0 5  t o  5 . 0  rn M) w i th d i r e c t  
an d i n d i r e c t  stimu l a t i o n  we re te s te d  on s ix l e ft 
hemid i aph ragm s . Equ a l  vo lume amoun t s  of s a l i ne ( 0 . 0 5 t o  5 
ml ) were u se d  wi th i n d i r e ct s timu l a t ion a s  contro l .  
D i aph ragm s we re s t imu l a ted i nd i re c tly through the phr en i c  
n e rve . The phreni c ne rve wa s st imu l a te d  by p la c i ng it i n  
cont act with two st a in l e s s  s te e l e le c t rode s .  D i aphragms 
s t imu l ated d i re c t ly wer e  s t imu l ated by two s t a i n l e s s  s t e e l 
F igur e  8 .  A Re pre s e n t a t ive T ra c ing o f  Ca f fe in e . 0 . 02 t o  
1 . 0 rnM, s how i ng grams of ten s i on produ ced a fter 
a dd i t ion o f  d rug to bath . 
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e lect rode s placed wi th i n  5 mm o f  the di aphragm . 
Dos e - Re spon s e  Cu rve s U s i ng P a i re d  Hemi d i aphragrn s  
Ad eno s i ne ( 10 - 7  t o  10- 2  M )  w i th and without 
dipyr idamo l e , CHA wi th d ipyr i damo le ( 10- 7 to 10- 2  M) and 
enprofyl l i n e  wi th d i pyr idamo l e  ( 10 -7 to 1 0- 3 M) were 
te sted on six d i rec t ly s t imu lated h em i d i aphragm s . On e 
hemi d i aph ragm wa s te s te d  wi th drug wh i l e the othe r from 
the s ame an ima l wa s te s te d  wi th s al ine . Equa l vo lume 
amoun t s  of s a l i ne ( 1  m l )  were u sed a s  contro l .  
In te r a c t i o n o f  C a f fe in e  and Ade no s i n e  Ana log s 
The intera ction o f  ca f fe ine wi th adeno s i ne or CHA wa s 
te sted on s ix d i r e c t ly s t imu l ated hemi d i a phragm s  for each 
ana log . O n e  hem i d i aph ragm rece ived caf fe i ne (0 .0 5 t o  1 0  
mM) wh i le the othe r  hem id i a phram from the s ame a n ima l 
r ec e ived c a f fe i ne ( 0 . 0 5  t o  1 0  mM ) and a fixed 
conce n t r a t i on o f  a n  a deno s ine ana log ( 5  mM adenos ine o r  1 
mM CHA ) . Bo th i nt e r a c t i on s  wer e  t e s ted i n  the pre sence 
an d absence of 2 5  uM d ipyridamo l e . C HA wa s u se d  b e c au s e  
i t  ha s been s hown to b e  se l e c t i ve for A1 r e cepto r s . 
Stat i st i c a l Ana ly s i s 
Do se - r e spon s e  curve s we re compared u s i ng two -way 
ana ly s i s  o f  va r i a n c e  with r epe ated mea s u re s ( Wi ne r , 1 9 6 2 ) .  
If a s i gn i f i cant treatment e f fe c t  or a s i gn i f i cant 
intera c t io n  wa s foun d , ind ivi dua l do se s were c ompared by 
an aly s i s  of simp l e  ma i n  e f fe c t s  (Wi ner , 1 9 6 2 ) and Tukey ' s  
Mu lt i compar i so n  Te s t  ( S te e l  and Tor ri e , 1 9 8 0 ) . Othe r 
s tati s t i c a l  te s t s  are men t i oned in the re su l t s  s e c t i on . 
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RESULTS 
Co mpa r i so n  o f  D i re c t  v s . In d i r e c t S t imu l a t i o n . 
Do se - r e sp on s e  cu rve s we re e st ab l i shed fo r c a f fe ine 
during d i r e c t  e le ct r i c a l s t imu la t ion of the d i aphragm an d 
du ring e l e c t r i c a l  stimu l a t i on o f  the ph ren i c  nerve 
( indire ct s t imu l ati o n )  ( f i g . 9 ) .  Ba s e l in e  c ont r a c t i on s , 
pro duced by a s i ng l e  max ima l s t imu l u s  in the ab sence o f  
dru g  wer e  3 . 2 5 + 0 . 5 3  g ( me a n  + SEM) fo r d i r e c t  
stimu l a t i on and 4 . 2 7  + 0 . 40 g f o r  i nd i rect s t imu la t i on . 
Thes e  we r e  not s i gn if i c a n t l y  d i f fe r en t  from e a c h  othe r  ( p  
> 0 .0 5 , u npa ired t- t e s t ) . C o nt r o l  d i aph ragms , expo s e d  to 
equ iva lent vo lume s of s a l in e  in stead of d ru g , i n i t i a l l y  
showed s ligh t increa s e s  in contra ct i l i ty .  C a f fe ine i n  a 
concentra t i on range of 0 . 5  t o  10 mM cau s e d  a d o s e­
dependent increa se i n  contra c t i o n  regard l e s s  o f  the 
stimu la t i o n  te chn iqu e  ( p  < 0 .01 , two-way ANOVA , tab l e  1 ) . 
In addi t i o n , the re wa s a sta t i s t i c a l ly s ignif i c ant 
di fference be tween stimu l a ti o n  t e c hn i que s ( p  < 0 .0 1 ) . At 
a do se o f  5 rnM the di aphragms had approx imate ly doub l e  the 
incre a s e s above ba s e l i n e  when d i re c t ly s t imu lated a s  
co mpared to indi r e c t  s t imu l a t ion . 
Do s e-Re spon s e  Cu rve s fo r C a f fe i n e  and Theophy l l in e . 
Do se - r e sp on s e  cu rve s we re e s t ab l i shed for c a ffe i ne 
and the ophyl l in e  o n  the d i r e c t ly s t imu lated di aphragm 
(f i g .  1 0 ) . B o th ca f fe i ne and the ophy l l i ne s ign i f i cant l y  
in crea sed t e n s ion i n  a do s e - de pendent manne r i n  
concen t r a t i o n s  rang ing from 0 .5 t o  5 . 0  mM ( p  < 0 .0 1 ,  two -
Fi gure 9. The E f fe ct s  of Di rect Ve r s u s In d i r e c t  
Stimu la t i o n . Bar s repre sent + S E M  o f  s ix determi n a t i on s . 
As t e r i s k s  indi c a te obs e rva t i o n s  s igni fi c a n t ly d iffe rent 
from con t r o l  ( *  = p < 0 . 0 5 ,  * *  = p < 0 . 0 1) . 
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Tab l e  1 .  Two Way ANOVA Wi th Repe ate d  Me a su re s o f  D i r e c t  
Ve rsu s In di re ct S t imu l a t i on . 
S S  d f  M S  F S IG .  
Treatmen t 6 6 92 5 . 2 8 2 3 3 4 6 2 . 6 4  1 8 . 0 4 p< 0 . 0 1 
Error A 2 7 82 4 . 1 2  1 5  1 8 5 4 . 9 4 
Do s e  9 5 1 1 9 . 4 1 5 1 9 0 2 3 . 8 8 7 7 . 5 0 p < 0 . 0 1 
I n teract ion 5 5 6 12 . 1 4 1 0  5 5 6 1 . 2 1 2 2 . 6 6  p < 0 . 0 1  
Er ro r 1 8 4 0 9 . 4 5 7 5  24 5 . 4 5 
To tal 2 6 3 8 9 0 . 4 0  1 0 7  
Fi gure 10. Do s e - Re spon s e  Cu rve s  for Ca f fe i ne and 
Theophy l l i ne .  Bar s rep r e sent + SEM of s ix determi nation s .  
A s t e r i s k s  indi c a t e  ob s e rv a t i ons s i gn i f i cant ly d i f fe rent 
from s a l i n e  contr o l  ( ** = p < 0 . 01 ) . 
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way ANOVA , t ab l e  2 ) . In addi t i o n , there wa s a 
s i gn i f i c ant di f fe rence betwe en drugs ( p  < 0 .0 1 ) . Ca f fe i ne 
( 5  mM ) i n c re a s e d  ten s ion up to 2 2 8  + 4 5% o f  b a s e  whe rea s 
the ophy l li n e  ( 5  mM) i nc re a s e d  ten s i o n  on l y  1 8 1 + 2 3% o f  
ba s e . Both re st ing ten s i o n  and t ot a l  ten s i o n  wer e  
increa sed at the hi ghe r do s e s o f  c a f fe ine ( 2  to 5 mM ) and 
theophyl lin e ( 5  to 5 mM ) . 
Enprofy l l i n e  Do s e - Re spon s e  Cu rve 
Enpro fyl l in e  ( 1  mM) ha d a s i gni fi c an t  s t imu l atory 
e f fe c t  on the twi tch ten s i on ( 9 4  + 20% ) i n  the pre s e n c e  o f  
dipyr idamo l e . ( p  < 0 . 0 1 , two way ANOVA ) ( f i g . 1 1 )  
Dose -Re spon s e  Cu rve s for Ad e no s i n e  a n d  C HA .  
Adeno s i n e  wi thout d i pyr idamo l e  produce d a s hor t - term 
de cre a s e  in c ontract i on wh i c h  peake d one minu t e  after 
addi t i o n  to bath a t  a deno sine concentra t i on s of 10- 4  to 
10 - 2  M ( fi g . 1 2 ) . The lon g - t erm e f fe c t s  o f  ade no s i ne 
wi thout dipyri damo le s h owe d a s t imu l at ion o f  contra c t i o n  
a t  1 0- 2 M (fi g . 1 3 ) . Th e long -t erm e f fe ct s o f  ade no s i ne 
w i th d ipyr i damo le were s imi lar t o  tho s e  o f  adeno s in e  
w i thout dipyr idamo l e . A n  i nc r e a s e  i n  con t ra c t i on wa s seen 
at 1 0- 2 M ( f i g . 1 4 ) . Th ere wa s no di f fe re n c e  betwe en 
shor t -term e f fe c t s  of adeno s in e  with d i py r i damo l e  and 
short-t erm ef fe c t s  without d i pyr idamo l e  ( f i g . 15). 
CHA pro duced a s i gn i f i c ant do s e -dependent d e c r e a s e  of 
twitch t en s i on ( - 5 . 1  + 8 . 0% ) i n  the pre s e n c e  o f  
di pyr idamo le at a concentr at ion o f  10 - 3  M ( f i g . 1 6 ) . 
D i pyr idamo l e  ( 2 5  uM ) had no e f fe c t  on the predru g 
37 
Table 2 .  Two Way ANOVA W i th Repe ated Mea sure s o f  Do s e ­
Re spo n s e  Cu rve s fo r Ca f fe i ne and The ophy l l i ne . 
SS df MS F S IG 
Tre atme n t  1 1 3 5 7 7 . 1 0  2 5 6 7 8 8 . 57 1 2 . 5 7 p < 0 . 0 1 
Error A 6 7 7 4 2 . 1 2 1 5  4 51 6 . 14 
Dose 2 1 0 7 6 5 . 8 0 6 3 5 1 2 7 . 6 4 5 5 . 8 6  p < 0 . 0 1 
In teract ion 1 0 0 2 4 6 . 5 0  1 2  8 3 5 3 . 8 7  1 3 . 2 8  p < 0 . 0 1 
Error 5 6 5 9 7 . 5 9 9 0  628 . 8 6  
To tal 5 4 8 9 2 9 . 1 0  1 2 5 
F i gure 1 1 .  Do se - Re spo n s e  Cu rve for Enprofyl l i ne . Rar s 
Re pr e s en t  + SEM o f  s ix de t e rmi nation s .  A s te r i sk s  i n d i c ate 
tho se obs e rv a t i o n s  s i gn i f i c ant l y  di f fe rent from sa l i ne 
cont r o l  ( * *  = p < 0 . 0 1 ) . 
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F igure 12 . Sh ort-Te rm Ef fe ct s o f  Adeno s i n e  (10-3 M )  
W i thou t  D ipyr i damo l e . Bar s repre s en t  + SEM o f  s i x 
d e t e rmin a t i on s .  As te r i s k s  ind i cate tho s e  ob s e rva t i o n s  
s i gn if ic an t ly d i f fe rent from s a l ine contro l .  
( * *  = p < 0 . 0 1 ) . 
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F i gur e 1 3 .  The Long-Te rm E f fe c t s  o f  Ad eno s i ne Wi thou t 
D i pyridarno l e . Bar s repre s e n t  + SEM o f  s ix determ i n a t i on s . 
A s te r i s k s  i nd i cate tho s e  ob s e rva t i o n s  s i gn ifi can t l y  
d i f fe r e n t  from s a l ine control ( * *  = p < 0 . 0 1 ) . 
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F i gure 1 4 .  The Lo ng -Te rm E f fe c t s o f  Ad eno s i n e  W i th 
D i pyr idamo l e . Bar s repre s e n t  + SEM o f  s ix determ i n a t i on s .  
A s te r i s k s  i ndi cate tho s e  ob s e rva t i on s s i gn i fi cant ly 
d i f ferent from s a l ine cont r o l  ( * *  = p < 0 .0 1) . 
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F i gure 1 5 .  Shor t - Te rm 
Wi thou t D i pyr i damo le . 
d e t e rmin a t i on s . There 
(p > 0 . 0 5 ) . 
E ffe ct s o f  Aden o s i n e  W i th and 
Bar s repre sent + SEM o f  s ix 
we re n o  s ign i f ic a n t  tre atmen t s . 
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F i gur e 1 6 . Do s e - Re spon s e  Cu rve o f  CHA . B a r s  repre sent 
+ SEM o f  six determinat i on s .  A s te r i sk s  i n d i c at e  tho s e  
o b s e rvat i on s  s i gn i fi c a n t ly d i f fe re n t  from sa l i ne con t ro l . 
( * *  = p < 0 . 0 1 ) . 
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ten s i on of the d i a phragm (p > 0 . 0 5 ,  p a i r ed t - t e s t ) ( f i g . 
17 ) bu t t e n de d  t o  i n c re a s e  va r i ab i l i ty .  
Intera ct ion S t udy . 
Th i s  study ex ami ned the inte r a c t i on o f  c a f fe ine and 
adeno s i n e  or the stab l e  adeno s i n e  ana log , CHA . Aden o s i n e  
i n  the ab s e n c e  o f  di pyr idamo l e  fa i l e d  t o  a lt e r  the long­
term ( fi g . 1 8 ) or s hor t -term ( fi g . 1 9 )  re spo n s e  of the 
di aphr agm to i nc r e a s i ng dos e s  o f  c a f fe i ne . Whe n  
dipyr idamo le wa s pre s en t  i n  the bath c a f fe in e  p lu s  
ade no s i ne showe d a s i gn i f i c ant incre a s e  i n  con t r a c t i on on 
the long -t e rm at c a f fe i ne concentrat i on s  of 5 to 10 mM 
( f i g . 2 0 ) . Ad e no s i ne ( 1  mM ) a l s o  f a i led to antagon i z e  the 
e f fe ct s  of c a f fe i ne a t  l ow concentra t i on s .  Ade n o s i ne wi th 
dipyr i damo l e  did not s i gn i f i c an t l y  a lt e r  the e f fe ct s  o f  
caf fe i n e  on a s hor t -term ba s i s  ( fi g . 2 1 ) . H oweve r i t  wa s 
noted tha t the s ho r t - t e rm depre s s ant e f fe c t  o f  1 mM 
aden o s in e  ( fig . 1 1 ) wa s reve r s e d  by c af fe ine do se s o f  0 . 1  
rnM a nd hi gh e r  ( fi g . 2 1 ) . 
CHA ( 5  rnM) had a s i gn i f i cant lon g - t e rm inter a c t i on 
wi th c a f fe in e . CHA a lon e o r  i n  the pre s e n c e  o f  l ow leve l s  
o f  c a f fe in e  ( 0 . 0 5  t o  1 . 0  mM ) depre s s ed contra c t i on ( f i g . 
2 2 ) . Thi s depre s s ion wa s ove r c ome whe n the c a f fe ine do s e  
wa s i n c re a s ed ( 2 . 0  t o  1 0 . 0  rnM). 
F i gure 17. Th e E f fe c t  o f  D i py r i d amole and i t s  So lvent on 
Re s t ing Ten s i o n . Bar s Represent + SEM o f  s ix 
d e t e rmi n a t i on s . There we re no s i gn i fi cant d i f fe ren c e s  
be tween tre a tment s ( p  > 0 . 0 5 ) . 
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F i gure 18. Lo ng -Te rm I n ter a c t i on o f  Ca f fe ine and 
Adeno s i n e  Wi thou t Dip yr i d amo l e . Bar s rep re sent + SEM of 
s ix det e rm i n a t i on s . Th e re we re no s i gn i f i c ant di f fe ren c e s 
be twee n t r e a tment s {p > 0 . 0 5 ) . 
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F i gure 1 9 .  Short-Te rm I n t e r a c t i o n  o f  Caffe i ne and 
Aden o s i n e  W i thou t D i pyridamo le . Rar s repre sent + SEM o f  
s ix de t e rmi n a t i on s .  There we re n o  s ig n i f i cant di f fe renc e s  
be twee n tre a tme nt s  ( p  > 0. 05). 
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F i gure 2 0 .  Long - Te rm Inter a c t i on o f  Ca f fe ine and 
Ade n o s in e  wi th D i pyridamo l e . Bar s  repre sent + SEM of s ix 
d e t e rmi nation s .  As teri s k s  ind i c a t e  tho s e  ob serv a t i o n s  
s i gn i fic a n t ly d i f ferent from c a f fe ine a lone 
( * *  = p < 0 . 0 1 ) . 
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F i gure 2 1. Short-Te rm In te r a ct i on o f  Ca f fe i ne and 
Adeno s i n e  Wi th D ipyridarno l e . Bar s repre sent + SEM of s i x  
d e t e rm i n a t i o n s . There we re n o  s i gni f i cant di f fe renc e s  
be twee n t r e a tmen t s  ( p  > 0 . 0 5 ) . 
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F i gure 2 2 .  I n te r a c t i o n  o f  CHA and Ca f fe i ne . B a r s  
re pre sen t + SEM o f  s ix de t e rm i n a t i on s . A s t e r i s k s  
i ndi c a t e  tho s e  ob s e rva t i o n s  s i gn i fi cant l y  di f fe rent from 
s a l i n e  c o n t r o l  ( *  = p < 0 . 0 5 ,  * *  = p < 0 . 0 1 ) . 
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D IS CU S S I ON 
Apnea i s  a ma j or he a lth prob lem wi th today ' s  i n fan t s . 
Ap nea i s  a condi t i on i n  whi ch re sp i ra t i on i s  stopped fo r 
mor e tha n 2 0  s e c ond s ( Rigatto and B ra dy , 1 97 2 ) . Apne a i s  
pre s e n t  i n  many prema ture i n fa n t s  and in fa nt s wi th 
pulmona ry ob s t ruct ive d i s e a se s .  The n ewborn i n fant ha s 
l a rg e  cha ng e s in i t s  r e sp i ratory rat e  wh i c h  shows tha t 
control of re s p i r a t i o n  i s  not we l l  deve lope d  ( Ar a nd a , 
1 977) . A p rema ture i n fa n t  i s  e sp ec i a l ly su s ceptab l e  to 
re spi rato ry d i so r der s .  Comb i n ing th i s  unde rdeve l ope d 
c ontrol with the immaturi ty of the lung s , may le ad to 
apne a .  Apne a o c cur s  in 2 5 %  of neonate s we i gh i ng le s s  than 
2 5 0 0  g at b i r th and as many as 8 5 % o f  neonate s we igh i ng 
le s s  tha n 1 0 0 0  g a t  b i r th ( Aranda and Tu rme n , 1 979 ) . 
Ap nea can c au s e  seve re d amage becau s e  dur i ng apne a 
hypoxi a ,  a c ido s i s ,  bradyc ardi a ,  and b lood p re s su r e  
f lu c tu a t i on s  occu r  ( Ar anda , 1 977) . A l l o f  the s e  fa ctor s 
may lead to damage by de c re a s ing b lood f low and oxygen 
d e l ive ry to vita l organ s ,  so preve n t i on or management o f  
apnea i s  i mpo rtan t .  Re sp i rator s ,  con s t ant c are , apne a 
moni tor s and drugs such a s  the ophy l l i ne he lp the se in fant s 
to su rvive . Theophyl l in e  ha s been prove n ve ry u s e fu l  by 
i ncrea s i ng re sp i ra tory center output ( G e rha rdt et a l . , 
1979 ) eve n  though i t  may have s ome tox i c i ty i n  in fant s and 
young chi l d re n  ( FDA Drug Bu l le t i n , 1 985 ) . Re ce n t ly 
c a f fe i n e  ha s bee n eva luated a s  a po s s ib l e  a i d  i n  apne a . 
Ca f fe i ne ha s the s ame e f fe c t  a s  the ophy l li ne on 
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re spi r a t o ry rate bu t produce s a lowe r degre e  o f  
t achy c ardi a .  C a f fe i ne a l s o  ha s l e s s  g a s troi nte s t i na l  s i d e  
ef fe c t s , c au se s l e s s exc i t ab i l ity , and i t s  p la sma 
conc entrat i o n  i s  more s t ab l e  tha n theophy l l i n e  ( B a i ram e t  
a l . , 1 9 8 7) . 
The methy lxanth i ne s  have a l s o  been found to 
streng the n th e cont r a c t io n  o f  ske l e t a l mu s c l e . Fat igue o f  
the di aphragm both i n  adu lt s  and i n fan t s  ha s c l i n i c a l  
importanc e .  I n  the adu l t , o b s t ru c t ive d i s e a se s  such a s  
a sthma o r  chron i c  ob s truc t ive pu lmona ry di s e a s e  ( COP D )  
incre a s e the work load o f  the d i aphragm . Th i s  i n c re a s e d  
work lo ad decre a s e s the e f fi c i en cy o f  d i aph ra gma t i c  
contra c t i o n . Wi th de cre a sed e f fi c i en cy , ve n t i la t ion i s  
reduced , c au s ing hype r c apn i a . If pro longed , thi s may lead 
to fa i lure of the d i aphr a gm t o  contr a c t . The s ame 
s i tu a t i on i s  pre sent i n  the i n fant with immature lung s . 
Du e to low lung comp l i an c e  th e i n fant i n c re a se s  i t s  
r e sp i r a tory rate t o  ma i nt a i n  b l ood oxyge n  leve l s . Th i s  
increa s e  i n  rate may c au s e  fa t i gue o f  the d i aphragm whi c h  
l e a d s  to hypox i a . A s  oxygen leve l s  fa l l , the bra i n  
s i gn a l s the re spiratory mu s c le s  t o  cont r a c t  mor e  
fo r c e fu l ly and / o r  to i n c re a s e  t h e  r e s p iratory rate . Th i s  
se cond i n c re a s e  fa t i gue s the d i aphragm eve n more ( Rou s s o s  
a nd Ma ck lem , 1 977 , 1 9 8 2 ) . Th i s  vi c i ou s  cy c l e  may 
eve n tu a l ly lead to d i aphr agm fa i lure and apne a re lated t o  
the i nab i l i ty o f  the d i aphragm to contract ( Lope s et a l . , 
1 9 8 1 ) .  The re fore , by i n c r e a s ing contra c t ion strength and 
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i nhi b i t i ng fa t i gue a s  we l l  a s  incre a s i n g  r e s p i rat ory 
dr ive , apne i c  ep i s ode s  may be d e c r e a sed . 
Adu l t  rat hemi d i aphragms have been used a s  a mode l 
for study i n g  s ke leta l mus c le contra ct i l i ty .  The rat 
d i aph r agm ha s a s imi l a r  fiber type compo s i tion to human s  
( Gaun the r and Pa dyku l a , 1 9 6 6 ) . The prob lem with adu l t  ra t 
hemi d i aph r agm s i n  vi tro i s  the re i s  no b l ood flow and 
di f fu s ion of d rugs through the t i s su e  i s  s low . To 
ove rcome th i s , str ips of mu s c l e , groups o f  mu s c l e  fibe r s  
o r  a s i ng le mu s c le fiber h ave b e e n  u s e d  ( Vi i re s  e t  a l . , 
1 9 8 6 ) . Th e s e  prepara t i on s  overc ome the d i f fu s i on prob l em 
ye t do not n e c e s s a r i ly s how how an e n t i r e  t i s su e  wi l l  
r e act . The newborn rat hemidi aphragm wa s u s e d  i n  a l l  o f  
the stud i e s de s c ribed i n  th i s  the s i s . S in c e  t h e  newborn 
d i aphr agm is ve ry thi n , di f fu s i on i s  not a prob l em .  In 
addi t i on , stud ie s u s i n g  the e n t i r e  hem i d i aph ragm provide a 
b e tter ide a o f  how the who l e  t i s sue wi l l  react th an 
studie s u s i ng st r i p s  of mu s c l e . Studie s u s ing the newborn 
r at di aph ragm may reve a l  some d i f fe re n c e s wh i ch may a l so 
ex i s t  be tween human i n fant s and adu lt s .  Fo r examp l e , the 
n ewborn diaphragm may be mor e  sen s i tive to the certain 
drug s than the adu l t  d i aphragm . Such c omparat ive s tudi e s 
h ave not bee n per formed . I f  d i f fe renc e s  ex i st , they 
may be exp lo i ted whe n tre a t i ng re spi ratory d i sorder s o f  
the newborn . The newborn rat d i aphragm i s  the re fore a 
su i t able mod e l  fo r the s tudy o f  re spi ratory mu s c l e  
c ontract i l i ty i n  the in fant . 
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The methy lx a nth ine s may have ac t i on s  on the CNS , 
ne uromu s cu la r  j un c t i o n  or the di aphr agm i t se l f .  The 
d i aph r agm in vivo i s  s timu l ated through the phren i c  nerve . 
Remova l o f  the d i a phragm and phre n i c  ne rve to a t i s su e  
b a th e l i mi na t e s  any CNS i n fluence s .  S t imu l a t i on o f  the 
phre n i c  ne rve i n  vi t r o  ( i n d i r e c t  s t imu l a t io n ) wou ld mo s t  
l ike ly mim i c  the i n  vivo s i tu a t i on . D i re c t  s t imu l a t i on o f  
the mus c l e i s  importan t ,  though , fo r study ing d rug s tha t 
have the i r  e f fe ct on the re sp i r a tory mu s c le t i s su e  i t s e l f .  
Compar i son o f  d i r e c t  and i n d i r e c t  s t imu l a t i o n  w i l l  te l l  u s  
whe re the drug ha s i t s  e f fe ct . Aub i e r  and Rou s s o s  ( 1 985 ) 
compared the e f fe c t s  o f  d i r e c t  a n d  i n d i r e c t  s t imu l a t ion o f  
the adu l t d i a phragm . They found no di f fe re n c e  i n  the 
ten s i o n  d eve lope d be twe e n  the two s t imu l a t io n  t e c hn ique s .  
I n  the pre sent s tudy howeve r the re wa s a s i gn i f i cant 
d i f ference be twe e n  the two s t imu l a t i o n  t e c hn i que s ( fi g . 9 
a nd tab l e  1 ) . D i rect s t imu l a t i on p rodu ced a great e r  
incre a s e  i n  tota l ten s ion than i n d i r e c t  s timu l a t io n . The 
i nab i l i ty of ind i re ct s t imu la t i on t o  cau s e  a su f fi c i ent 
re spo n s e  may be i n d i c a t i ng l imi t a t i o n s  in neurotran smi tte r 
r e l e a s e . I n  s tud i e s  u s i ng ind i re ct s t imu l a t i on the re may 
be t ime s  when the di aphr agm appe a r s  to be fat i gued when , 
i n  fa c t , t ra n smi t t e r  dep l e t i on i s  the cau s e . Di re ct 
stimu la t ion wa s u se d  in the pre sent s tudy t o  avo i d  thi s 
prob l e m . By d i re ct l y  s t imu l at i ng the di aph ragm , the 
e f fe c t  on the ske leta l mu s c le a lone wa s ob s e rve d . 
C a f fe i ne and theophy l l i ne had s i gni f i ca nt do s e -
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re lated s t i mu l atory e f fe ct s  on the d i aphragm ( fig . 1 0  and 
t ab l e  2 ) . Th i s  study show s a 2 28 + 4 4 %  i ncrea s e  in 
ten s i o n  wi th 5 mM c a f fe in e  whe rea s Whi t tman and Ke l se n  
( 1 987) found a s imi l a r  incre a s e  ( 1 9 0  + 1 2 % )  in the adu l t  
rat di aphragm s . Thi s study a l s o  s howed a 1 5 4  + 2 2 %  
i ncrea s e  in ten s i on with 5 mM theophy l l i ne whe r e a s  Vi ire s 
e t  a l . ( 1 986 ) found a 1 5 0  + 5 %  i n c r e a s e , bu t Sup i n s k i  e t  
a l . ( 1 986 ) found only a 4 7  + 5 %  i nc r e a s e , b oth u s i ng adu l t  
r a t  d i a phr agm s . A l though both d rug s wer e  pot e n t  
s t imu l a t o r s  o f  twi tch ten s i on , c a f fe i ne wa s more e f fe ct ive 
than theophy l l i n e . The n ewborn rat d i aphr agm appe ar s not 
t o  be di f fe re n t  wi th r e sp e c t  to i t s  re spon s e  to c a f fe ine 
and theophyl l i n e  from the adu lt rat d i aph r a gm . 
E n profy l li ne had a s i gn i f i cant s t imu l a tory e f fe c t  ( 9 4 
+ 2 0 % )  on the d i aphragm but on ly a t  mi l l imo l a r  
concentration s ( fi g .  1 1 ) . Th e se r e su l t s  a r e  s imi l a r  t o  
Jepp s son e t  a l . ( 1 982 ) who found a d o s e - dependent increa s e  
i n  twi tc h  ten s i on , but d i f fe re n t  from An de r s son and 
Per s so n  ( 1 985 ) who found a s l i ght d e c re a s e  in tw itc h 
t en s i on . S i nc e  e nprofy l li ne i s  a poor ade no s i ne 
antago n i s t  ( Per s son , 1 986 ) i t s  e f fe c t s  are probab ly 
med i ated through PDE i nhi b i t i on and not ade no s i ne 
antagon i s m . 
A s i gn i f i cant depre s s i o n  wa s produ ced by adeno s i ne 
one minute a ft e r  admi n i s t r a t i on of d rug t o  the bath 
( f i g . 1 2 ) . Th e s e  resu l t s  a r e  con s i s t en t  with the we l l -
known obse rva t ion that adeno s i ne i s  qu i ck ly broke n down by 
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adeno s i ne de ami n a se . Adeno s i ne deamina s e  inhibi tor s are 
ava i l a b le but they are e xpen s ive , h ave poor s o lubi l i ty an d 
h ave a va r i ety o f  oth e r  e f fe c t s ( Fr edho lm , per s ona l 
commun i c a t io n )  • D ipyr idarno le i s  a sub stance tha t b lo c k s  
ade n o s i n e  uptake b y  c e l l s  ( Ar ch a n d  News ho lm , 1 978 ) , s o  i t  
c a n  he lp to i n c r e a s e  the h a l f- l i fe o f  adeno s in e . 
Ad e no s i ne c au s e d  max imum depre s s i o n  o f  c on t r a c t i on at one 
minute a ft e r  addi ng the d rug to the b a th but i t  wa s 
q u i c k ly i na c t iva ted . Ad eno s i ne wi th and w i thout 
dipyr idamo l e  had a s i gn i fi c ant long -term e f fe c t . 
Adeno s i n e  c au s ed a s t imu l a t ion o f  con t r a ct i on at 1 0 - 2  M ,  
which i s  a ve ry high concentration . Thi s s t imu l a t ion i s  
s imi l a r  to the re su l t s  obt a ined by Varag i c  ( 1 9 8 4 )  but 
Var agic found a do s e -dependant i n c re a s e  in contraction i n  
the pre sence o f  dipyr idarno l e  in ade no s i ne con c e n t ra t i on s  
from 0 . 1 t o  0 . 9 M .  S up i n s k i  e t  a l .  ( 1 9 8 6 )  found n o  e f fe c t  
o f  ade n o s ine o n  c ontra c t i o n . Ad eno s ine h a s  n o  e f fe ct on 
contra ct i l i ty beyond one s e c on d  exc ept at high 
concentra t i o n s .  Th i s  incre a s e  at h i gh leve l s  o f  ade no s i ne 
may come abou t by ino s ine monopho sphate ( I MP ) , the 
break down product o f  both adeno s i ne and AMP , or the hi gh 
leve l s  o f  adeno s ine may a c t ivate A /. ( a de ny l at e  cyc la se 
stimu la t o ry )  a deno s i n e  r e c eptor s .  
C HA i s  a stab l e  ade no s i ne ana log tha t binds 
s e le c t ive ly t o  A 1 ( a de ny l ate cy c la s e  i nh i b i tory ) ade n o s ine 
re ceptor s .  S i n c e  CHA i s  a long - a c ting ana log , i t  i s  
pre fe rab l e  fo r the study o f  ade n o s ine antagon i s t i c  e f fe ct s 
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o f  the xa nthine s .  CHA c au s e d  a de c re a s e  o f  contra ction a t  
1 0- 4  M that bec ame s i gn i f i cant a t  1 0- 3  M ( f i g . 1 6 ) . A s  
expe cte d , the e f fe c t s  o f  C HA were mor e  pro longe d tha n t h e  
e f fe c t s  o f  ade nos i ne . C HA may have c a u s e d  a dep re s s i on o f  
contr a c t i o n  b y  i n t e ra c t in g  with A 1 r e ceptor s . 
I f  c a f fe in e  s t imu l ate s d i aphr agm contract ion by 
b l o c k i ng ade no s i ne receptor s ,  th e n  i t  sho u l d  b l ock the 
e f fe ct s  of a deno s i n e  and CHA . Ther e wa s a n  apparent 
i nteract i on of ade no s i ne with c a f fe ine . Ca f fe i n e  appe ared 
to a lter the re spon s e  of the d i a phr agm t o  1 mM aden o s ine 
( f i g s . 1 9  a nd 2 1 ) . Ad eno s i ne a lone ( fi g . 1 2 ) and i n  
combi na t i o n  wi th 0 . 0 5  rnM c a f fe i n e  ( fi g s . 1 9  a n a  2 1 )  
p rodu c e d  a s ho r t - t e rm de cre a se i n  contra ct i on but at 
c a f fe ine con c e n t r a t i on s ab ove 0 . 0 5  rnM the s ho r t  term 
d e pre s s ant e f fe ct s  o f  adeno s i ne were not s e e n . Howeve r ,  
the re we r e  n o  s i gn i ficant d i f ference s betwee n  the do s e ­
r e spon s e  curve s o f  ca f fe ine a lone a n d  c a f fe i ne plu s 
adeno s i n e . 
The i nt e r a c t i on o f  CHA a nd ca f fe i ne wa s s i gn i f i cant 
( fig . 2 2 ) . CHA depre s s e d  contra ct i l i ty o f  the di aphragm 
when low do s e s  ( 0 . 0 5  t o  1 . 0 mM ) o f  ca f fe i ne we re pre sent , 
bu t the depre s s ant e f fe c t s  we r e  not seen i n  the pre sence 
of i nc r e a s e d  ca f fe i ne concentr a t i on s . Ca f fe i ne ' s  abi l i ty 
to antagon i z e  the re spon s e  o f  the d i aphr agm to CHA 
support s the hypothe s i s  tha t  the re i s  a compe t i ti on 
o c cur r i n g  be tween CHA and c a f fe i ne for adeno s ine A 1 
re c eptor s on s k e leta l mu s c l e . 
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In summary , theophy l l i ne and c a f fe i ne s t imu l ated 
contra ct i l i ty in a do s e -dependent manne r . Enprofy l l i n e  
s t imu l a ted contract i l i ty only a t  h i gh concentra t i on s . 
Ade n o s i n e  de pre s se d  contra c t i o n  dur i ng the f i r s t  mi nute , 
a nd h i gh do s e s  stimu l a t ed the contrac t i l i ty on the long 
term . CHA de pre s se d  contra c t i on a t  1 0 - 3  M , and f i na l ly 
the s hor t -term e f fe ct s  o f  adeno s in e  and the long - term 
e f fe c t s  of CHA we re b l o cked by con centr a t i on s  o f  ca f fe ine 
above 0 . 0 5 M ,  and CHA reduce d the c a f fe ine - indu c e d  
s t imu l a t ion o f  con tract i l i ty .  
The s e  data support the hypothe s i s  that the 
m e thylx anth i ne s  s t i mu la t e  contra c t i l i ty of the newborn ra t 
d i aphr agm by antago n i sm o f  adeno s ine r e c e ptor s .  Th e 
o b s e rv a t ion tha t h i gh do s e s o f  enpro fy l l i ne a l s o  
stimu la te d  contra ct i l ity sugg e s t  that PDE i n hi b i t ion i s  
a noth e r  important me c ha n i sm . 
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Ap p e n d i x  
S a m p l e  c o m pu t a t i o n  o f  s i m p l e  m a i n  e f f e c t s  ( W i n e r , 1 9 6 2 ) : 
V a r i a t i o n  d u e  t o  t r e a t m e n t s  a t l m M . 
S SA a t l m M  • ( S u m  o f  mM c a f f e i n e ) 2  + ( S u m  o f l m:1 t h e o p h y l l i n e ) 2  + ( S u m  o f  l mM s a l i n e )
2 -
n 
( S um o f  m M  c a f f e i n e + Sum o f  l m M  t h e o ph y l l i n e + S u m  o f  l mM s a l i n e ) 2 
• ( 1 2 4 . 3 2 ) 2 + ( 5 8 2 . 3 ) 2 + ( 3 9 5 . 2 2 ) 2 
6 
• 8 3 7 7 1 . 2 7 - 6 7 4 4 7 . 3 0 
• 1 6 3 2 3 . 9 7 
MSA a t  1 mM • S S A a t  l m M  
r - 1  
1 6 3 2 3 . 9 7  
2 
"' 8 1 6 1 . 9 9 
S Sw i t h i n  c e l l  "' 5 5 e r r o r  A + 5 5 e r r o r  
• 6 7 7 4 2 . 0 9 + 5 6 5 9 7 . 5 3 
"' 1 2 4 3 3 9 . 6 2 
M Sw i t h i n  c e l l  • 
5 5w i t h i n  c e l l  
r c ( n - 1 )  
F •  
M S A a t  l 
M S  w i t h i n  
8 1 6 1 . 9 9 
1 1 8 4 . 1 9 
6 . 8 9 
1 2 4 3 3 9 . 6 2 
1 0 5  
• 1 1 8 4 . 1 9 
mM 
c e l l  
Comp a r e d  t o  t a b u l a t e d  F . O l ( 3 , 1 0 5 )  • 3 . 9
8 
n r  
( 1 2 4 . 3  + 5 8 2 . 3 + 3 9 5 . 2 2 ) 2 
1 8  
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1 4 . 0 5 
. Tuke y ' a  wO . O l  "' 4 . 2 6 x 1 4 . 0 5 
• 6 0  . 1 3 
Tuke y ' s  w0 • 0 5 
"' 3 . 4 0 x 1 4 . 0 5 
- 4 7 . 7 7  
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